We report a new kind of experiment in which we take an array of nanoscale apertures that form a superfluid 4 He Josephson junction and apply quantum phase gradients directly along the array. We observe collective coherent behaviors from aperture elements, leading to quantum interference. Connections to superconducting and Bose-Einstein condensate Josephson junctions as well as phase coherence among the superfluid aperture array are discussed.
Like superconductors and Bose-Einstein condensates, superfluids are examples of systems in which a large fraction of constituent particles resides in the same quantum ground state. When two such systems are weakly coupled together, forming what is often called a Josephson junction, a variety of fascinating phenomena emerge. A superconducting Josephson junction can be formed with two superconductors coupled through a thin insulator [1, 2] . A similar tunneling junction is formed with a laser separating two Bose-Einstein condensates (BECs) [3, 4] .
A superfluid Josephson junction is typically formed with an array of nanoscale apertures coupling two superfluid reservoirs. An array is used to raise otherwise an undetectably minuscule mass current signal to a detectable level. Various fascinating phenomena have been observed with such junctions, but there are two significant and unexpected behaviors at the core that make them all possible: (1) an array of N apertures is shown to always act quantum coherently and to exhibit dynamic behaviors of a single aperture with mass current N times larger than what one would expect from a single orifice [5] [6] [7] and (2) even though it is expected that large phase fluctuations at 2 K would destroy the Josephson effects in a single aperture [8] [9] [10] , 4 He Josephson phenomena prevail in an array of apertures. What underlies these two surprising observations is the superfluid phase coherence. Since a welldefined phase function is the essence of superfluids, superconductors, and BECs, phase coherence continues to be an important topic in all those fields [9, 11, 12] . In this Letter, we report a new experiment in which we take an array of apertures that form a superfluid 4 He Josephson junction and induce quantum phase gradients directly along the array. We observe that, as the injected phase gradient is increased, the array exhibits coherent collective behaviors, resulting in vivid demonstration of Fraunhofer-like quantum interference.
Our experimental apparatus is schematically depicted in Fig. 1 . Unshaded regions are filled with superfluid 4 He, and the entire apparatus is immersed in a temperature regulated 4 He bath. Two reservoirs of superfluid 4 He are coupled through an array of apertures (A). In an ideal weak-coupling limit, the mass current IðtÞ across the junction driven by a chemical potential difference Á is governed by the Josephson current-phase relation IðtÞ ¼ I 0 sinðtÞ, where I 0 is the junction critical current, and ðtÞ is the quantum phase difference across the junction [1] . The phase difference ðtÞ evolves in time according to the Anderson phase evolution equation @ðtÞ=@t ¼ ÀÁ=@ [13] . A constant chemical potential difference Á counterintuitively leads to oscillatory mass current at the junction IðtÞ ¼ I 0 sinðÁ=@Þt.
To observe such Josephson phenomena, a ''weak'' coupling must be established between two quantum fluids. In a superfluid 4 He Josephson junction, this is achieved by using an aperture whose size matches the superfluid healing length 4 . Near the superfluid transition temperature T % 2:17 K, 4 diverges as 0:4=ð1 À T=T Þ 0:67 nm [14] . Because of this property, various Josephson phenomena emerge at temperatures roughly 1-10 mK away from T if the aperture size is $50 nm.
A Josephson mass current signal from a single $50 nm aperture is on the order of 10 À16 kg= sec , too small to detect with present methods [15] . Furthermore, large thermally induced fluctuations in superfluid order parameter phase at 2 K are expected to destroy the Josephson effect even if one had the capability to detect such a small signal. The observation of temporally coherent Josephson 
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0031-9007=11=106 (5)=055302 (4) 055302-1 Ó 2011 American Physical Society oscillations requires E J ) k B T, where E J is the Josephson coupling energy arising from the spatial overlap of the wave functions. In a weakly coupled Bose-condensed 87 Rb trapped in a double-well potential, it has been shown that E J =k B T needs to be well above $10 to preserve phase coherence over many realizations [12] . For a superconducting Nb Josephson junction ($ 100 nm in size), the Ginzburg-Landau theory [13] can be used to show that E J =k B T $ 40 000 when the coherence length approaches the junction size [9] . For a superfluid 4 He Josephson junction, on the other hand, E J =k B T < 1 for a single aperture [8, 9] . Unexpectedly, however, superfluid 4 He Josephson phenomena have been observed in an array of slits [5] and apertures [6] .
In the case of an array of apertures, typically 5000 to 10 000 apertures (each one $50 nm in size) have been utilized to raise the overall signal to a detectable level. In such experiments, phase fluctuations expected to wipe out the Josephson effect in a single aperture have shown no adverse effect. This has led to a model where thermal fluctuations are shared among N junctions with their phases rigidly locked together [9] . We also emphasize that, in a weakly coupled regime, individual natures of various apertures have never been observed in any dynamical behaviors [5] [6] [7] . All experiments done up to this point have always shown that thousands of apertures are amazingly locked together and act as a ''single junction'' in the Josephson regime [16] .
An array used in this experiment consists of 75 Â 75 60 nm apertures spaced on a 2 m square lattice e-beam lithographed in a 60 nm-thick silicon nitride window. An SEM image of the array is shown in Fig. 2 . As can be seen in the apparatus schematic (Fig. 1) , an aperture array is configured as a part of a wall surface of a horizontal channel. The fluid volume within the channel is significantly smaller than the volume outside, and the outer can of the apparatus is well heat sunk to an even larger helium bath. Therefore, a resistor (R) placed at the end of a channel works as a local heat source while the fluid outside the channel behaves as a heat sink.
When power _ Q is applied to the heater, superfluid fraction of the fluid (with density s ) flows towards the heat source while the normal component (with density n ) flows away carrying all the entropy. Landau's two-fluid model [17] predicts superfluid velocity to be v s ¼ ð n = s TsÞ _ Q, where is the total fluid density, s is the specific entropy, is the channel's cross-sectional area, and T is the temperature. London's wave function view of the condensate [18] 
This apparatus configuration allows us to directly apply finite phase gradient along the array of apertures, giving us an unique opportunity to probe their collective dynamics.
In operation, we apply a pressure difference (and hence a chemical potential difference) across the aperture array by pulling a diaphragm [labeled (D) in Fig. 1 ] towards a nearby electrode (E). In response, the array exhibits Josephson mass current oscillation. The diaphragm motion (indicating fluid flow through the array) is detected using a dc-SQUID based displacement transducer. We record the overall mass current oscillation amplitude while applying finite external phase gradient [Eq. (1)] along the array in an attempt to unlock their phases and reveal their individuality.
In Fig. 3 , we plot the overall mass current oscillation amplitude as a function of heat input in the channel for three different temperatures. If all the apertures are indeed phase locked due to strong coupling or interactions, the oscillation amplitude from the array should remain constant. However, as the heater power is increased, we find that the oscillation amplitude varies. The surprisingly smooth and nonchaotic behavior implies that different apertures maintain temporal coherence of Josephson oscillations with a well-defined frequency of Á=h in the background of externally applied phase gradients.
We interpret the observed critical current modulation as the interference arising from aperture elements contributing different amount of mass current oscillation due to induced phase differences. Figure 4 (a) depicts the geometry of our aperture array with induced phase gradient r. Each aperture couples two superfluid reservoirs and acts as a weak link. There are Nð¼ 75 Â 75Þ weak links in this experiment. A silicon nitride film that contains the aperture array is installed with one of the array axes aligned with the heat current channel. To first approximation, phase gradient is only applied along that axis, shown schematically in Fig. 4(b) . Neglecting any interactions within the array (mediated by superfluid flow in the reservoirs), the device . By defining dð¼ 60 nmÞ to be the aperture diameter, we write the overall oscillation amplitude for the junction array as [19, 20] ffiffiffiffi
where Á j ¼ rd is the phase shift contained in the single aperture, and Á T ¼ 5l is the phase shift between the neighboring apertures. The term sinðÁ j =2Þ=ðÁ j =2Þ describes the diffractionlike effects of aperture junctions, obtained by integrating the Josephson current density across the single aperture with an induced phase gradient [19] [20] [21] . The last term in Eq. (2) describes the interference effect between the junction array. We emphasize the close analogy with optical diffraction phenomena for many slit structures. The expected oscillation amplitudes as functions of _ Q [in the form of Eq. (2)] have been fitted to the data and are shown in Fig. 3 as solid lines. Fits are carried out with I 0 and the channel cross-sectional area as fitting parameters. Excellent fits yield ¼ 1:1, 1.1, 1:08 Â 10 À5 m 2 for three different temperatures, which should be compared with the design value of ¼ 1:22 Â 10 À5 m 2 . The experimental arrangement described here is analogous to the size effect investigation of the critical current in the field of superconducting Josephson phenomena. In superconducting Josephson junctions, provided that the self-field induced by the current through the junction is negligible, the critical current modulates with magnetic field applied parallel to the junction. A Fraunhofer pattern was first observed in a single junction by Rowell [22] and in a multijunction device by Jaklevic et al. [20] . Treating the superfluid aperture array as a discrete version of a single continuous junction, the analogy is clear with a superconducting tunnel junction which in essence is an array of fluctuating one-dimensional current channels. Viewing the superfluid aperture array as a web of a multijunction interferometer as depicted in Fig. 4(b) , the system resembles an array of BEC junctions [23] , granular superconducting thin film junctions, and two-and threedimensional superconducting Josephson-junction arrays [24] . Although technical hurdles remain, investigations of different array geometries may provide model systems for discrete sine-Gordon equations often employed in the description of long Josephson-junction dynamics [19] .
Finally, we comment on the phase coherence observed in this experiment. For superfluid 4 He, E J ¼ ð 4 I 0 =2Þ Â ð1 À cosÞ, where 4 h=m 4 is the quantum of circulation [2, 13] . Thus the Josephson coupling energy (also called the washboard potential) has a depth 4 I 0 =2. For the T À T ¼ 5 mK data in Fig. 3 , the observed ratio E J;N =k B T $ 2:6 Â 10 3 ) 1, where E J;N denotes the Josephson energy for an array of N apertures. Assuming E J;N ¼ NE J;1 , E J;1 =k B T $ 0:46 < 1 for a single aperture. For the system to suppress temporal decoherence in a given aperture and to add constructively in such a way that I 0;N ¼ NI 0;1 and E J;N ¼ NE J;1 , it is natural to consider some coupling or interactions among the array elements. In a thermodynamic formalism that treats fluctuations in a Josephson junction [9, 25] , the basic building block is the notion that the phases on both sides of the array are uniform. This is generally validated by the idea that the phase function of superfluid order parameter should couple all the aperture elements to each other and also to the bulk condensates in the two main reservoirs. Then the phase difference should be uniform across all the apertures, allowing us to model the system as an array of N pendulums with their angles rigidly locked together. A Langevin equation for such elements coupled strongly is equivalent to a single pendulum with fluctuations suppressed by a factor of ffiffiffiffi N p [26] . This phase locking within the array has been argued to be a reason why the Josephson phenomena may be observed in an array of apertures when thermal fluctuations destroy them in a single aperture [9] . In this experiment however, we induce phase lags across the array and observe no signs of such phase locking. The coupling between various apertures and any locking arising from it may be significantly weaker than previously thought.
In conclusion, we have taken a nanoscale aperture array that forms a superfluid 4 He Josephson-junction and applied quantum phase gradients directly along the array. Although the superfluid within thousands of apertures has always acted in unison and only exhibited dynamical behaviors of a single junction in the past, we observe that, as the injected phase gradient is increased, the array exhibits coherent collective behaviors, resulting in demonstration of quantum interference. The results are also relevant to studies of proximity and collective effects recently reported in superfluid 4 He dots [27] , superconducting Josephson-junction arrays [24] , and coupling effects in arrays of Bosecondensed atoms [12, 23, [28] [29] [30] .
